A study was performed to determine the effect of arbuscular mycorrhizal (AM) fungal inoculation, using a locally isolated Claroideoglomus claroideum (Gc) ecotype, on the seedling development of chilean pepper plants, and to select an appropriate growth substrate. The first experiment consisted of two stages: (i) a seedling production stage of pepper plants were germinated and grown, inoculated or not with C. claroideum; and (ii) a seedling transplanting stage, in which seedlings were transplanted to a wider capacity containers, using the same substrates as in the seedling production stage. These were inoculated or not with C. claroideum and/or Penicillium albidum (Pa). A soil mixture was selected as the target substrate for further studies. A second experiment was then carried out and three new phosphate-solubilizing Penicillium that is, Penicillium frequentans, Penicillium jensenii and Penicillium restrictum, were incorporated as inoculation variables, in addition to the already tested P. albidum, inoculated either alone or in co-inoculation with C. claroideum. After 28 weeks, plants were harvested and fruit number, weight, and length were recorded. A synergistic interaction between C. claroideum and P. albidum to improve fruit weight and phosphorous (P) concentration was evidenced, suggesting a sustainable alternative for chilean pepper production.
INTRODUCTION
An increasing demand for low-input agriculture has promoted the interest on prospective and application studies of the subset of soil microorganisms known to improve plant growth and health (Willis et al., 2013) . Actually, certain beneficial microbial activities can be exploited, as a low-input biotechnology, to benefit sustainable developments in agriculture (Jeffries and Barea, 2012) . Particularly relevant to these concerns are the microbiologically mediated processes involved in nutrient cycling, as those responsible for increasing the phosphate availability in soil (Barea et al., 2008; Marschner, 2012) . Two general types of processes have been described in this context: those promoting the solubilisation of unavailable P-sources in soils and those improving plant uptake of the P ions already available in the soil solution. The solubilisation/mineralization of *Corresponding Author E-mail: josemiguel.barea@eez.csic.es, Tel: 34958181600. unavailable P compounds is carried out by diverse saprophytic bacteria (including actinomycetes) and fungi (Borie et al., 1983; Franco-Correa et al., 2010; Khan et al., 2010) , acting by diverse mechanisms (George and Richardson, 2008; Marschner, 2012) . The other microbiologicallymediated mechanism involved in P cycling in the plantsoil system is based on improving plant uptake of already solubilised P ion, a characteristic function of arbuscular mycorrhizal (AM) fungi. The AM fungi colonize plant roots and develop an external mycelium which is a bridge connecting the plant with soil microhabitats. This structure explores phosphate ions from soil solution beyond the Pi-depletion zone surrounding the roots, to transfer them into the plant (Barea et al., 2008) . It is well documented that AM fungi assist the plant in its uptake of mineral nutrients (other than P, like N) and water (Brundrett, 2002) . In addition, the AM symbiosis also improves plant health through increased protection against environmental stresses including biotic, as derived from pathogen attack (López-Ráez et al., 2012) or abiotic, as caused by drought (Ruíz-Lozano et al., 2008) , salinity (Oztekin et al., 2013) , heavy metals (Azcón et al., 2009) or organic pollutants (Leyval et al., 2002) . Additionally, AM associations improve soil structure through aggregate formation, necessary for appropriate soil quality (Curaqueo et al., 2011) . Therefore, AM fungi are important in ecological agriculture because of the benefits they provide to the majority of cultivars and the conservation of the environment by acting as biofertilizers, bioprotectors and biocontrol agents (Jeffries and Barea, 2012) .
With regard to those microorganisms able to release available P from sparingly soluble P-sources most published information refers to bacteria, but there are several reports concerning fungi (Morales et al., 2007; Barroso and Nahas, 2007) , with Penicillium and Aspergillus spp. as the more often described genera (Silva Filho et al., 2002; Morales et al., 2007) . Inoculation with phosphatesolubilizing fungi enhanced plant growth and increased P uptake by the plants, both under greenhouse and field conditions (Asea et al., 1988; Whitelaw, 2000; Wakelin et al., 2004; Morales et al., 2007) . Furthermore, synergic interactions between free-living phosphate-solubilising fungi and mycorrhizas to benefit plant growth and P acquisition have been described (Osorio and Habte, 2001; Barea et al., 2008) . These studies support the use of such mycorrhizosphere associations as biological substitutes for phosphate-based mineral fertilizers. However, this is a research topic demanding further attention.
Due to difficulties in the massive production of mycorrhizal inocula the incorporation of AM technology to crop production systems is more feasible for those requiring a nursery stage (Gianinazzi and Vosatka, 2004) . A characteristic example on this context is the case with horticultural systems where AM inoculation has been challenged for diverse crops (Azcón-Aguilar and Barea, 1997) , including chili pepper, Capsicum annuum L. (Castillo et al., 2009a, b) , a traditional crop having a great interest in Chile, which will be the target of inoculation experiments that are described here.
Chili pepper production is quite relevant in Chile where around 5,000 ha are cultivated and about nine thousand tons of pepper fruit are marketed each year. Particularly, the Chilean Araucanía Region offers favourable growth conditions, especially for local ecotypes that small-scale indigenous Mapuche farmers have been growing for decades. The fruits are used mainly in the production of "merkén", an ancestral condiment of great cultural and economic value. The variety "Cacho de Cabra" accounts for approximately 1,500 tons of the local cultivars (Castillo et al., 2009a) . Given the economic and cultural importance of this local cultivar, a series of experiments are being carried out to investigate the impact of AM inoculation on its growth and development (Castillo et al., 2009a, b) . However, the effect of dual inoculation with AM and saprophytic phosphate-solubilizing fungi on pepper crops has never been investigated. Accordingly, an experiment was designed with two main aims: (1) To assess the effect of such a dual microbial inoculation, using locally isolated fungi, on the development and fruit production by this local cultivar of chilean pepper plants; and (2) to gain information on the interaction between these symbiotic and saprophytic fungi, involved in P cycling and capture, as a general topic of interest in mycorrhizosphere research. The results of this experiment are reported and discussed here in the context of basic mycorrhizosphere research, and as a strategy for its application from both the economic and cultural point of view.
MATERIALS AND METHODS
Two sequential and related experiments were carried out (Experiments 1 and 2). Both of them have in common: (i) the test plant, an autochtonous high-value local pepper variety of C. annuum L. (cv. "Cacho de Cabra"); (ii) the AM fungal inoculum, based on the native fungus Glomus claroideum (Gc) actually Claroideoglomus claroideum (Oehl et al., 2011) and (iii) the native phosphate solubilizing saprophytic fungus Penicillium albidum, but additional phosphate-solubilizing fungal strains were also tested in Experiment 2.
Isolation and inocula preparation
The AM fungus C. claroideum was isolated from a soil from La Araucania Region, Chile where Mapuche farmers cultivate peppers following an ancestral system based on small scale organic cultivation (Castillo et al., 2009a, b) . For inoculum production three substrata that is, volcanic scoria, a soil mixture and perlite (as described in Experiment 1) were assayed. Maize and tagetes were used as host plants. After six month of plant growth, the inoculum containing spores, hyphae and AM root fragments was harvested. In the case with the soil mixture, this inoculum cantained 57 spores per g of dry soil on average. A 10 % v/v of this inoculum was used in further experiments.
The phosphate solubilizing saprophytic fungus P. albidum, and Penicillium frequentans, Penicillium jensenii and Penicillium restrictum also tested in Experiment 2, were isolated from volcanic ashderived soils from La Araucanía region, Chile (Morales et al., 2011) . Penicillium albidum was isolated from an Ultisol serie Vilcún, where wheat was cropped under no-tillage. Penicillium frequentans, P. jensenii and P. restrictum, were isolated from an Andisol serie Freire where maize was cropped under organic farming. Rhizosphere soil samples were suspended in sterile distilled water to prepare serial dilutions. Appropriate dilution aliquot was spread onto agar-rose Bengal medium added with calcium phosphate or calcium phytate as either inorganic or organic P sources. The cultures were incubated for 5 days at 28°C. The development of a clear zone around the colony on the culture plates was taken as an index of phosphate solubilization. After that, those halo forming fungal colonies on the calcium phytate added medium were analysed for phosphatase secretion, using phenolftalein phosphate and ammonium vapours. The fungi were selected according to their capacity for phosphate solubilization and phosphatase production. For inocula formulation, the selected fungi were grown on Sabouraud dextrose broth at 20°C for 7 days in dark using an orbital shaker system. The fungal biomass was filtered, washed and dispersed using a blender. Fungal inoculum suspen-sions were then prepared to be inoculated at doses equivalent to: 1.3 x 10 6 C.F.U for P. albidum; 1.4 x 10 6 C.F.U. for P. restrictum; 1.4 x 10 6 C.F.U. for P. frequentans; and 1.5 x 10 6 C.F.U. P. jensenii, on a per plant basis.
Experiment 1. Substrate selection and production of quality seedling
This experiment involves the use of three substrates, that are, volcanic scoria (Sc); a soil mixture (S), and perlite (P). The characteristics of these substrata were as follows: the volcanic scoria, (< 5 mm), were taken from the Llaima volcano situated at La Araucanía Region (71º34`W; 38º41`S). There were young redcolored pyroclastic fragments having a high drainage capacity and a low density. The soil used for the soil mixture substrate was an Inceptisol from region (72º27`W; 38º34`S) mixed with sand and vermiculite in a proportion (by volume) of 7:2.5:0.5 (pH: 5.3; bulk density: 0.87; OMS: 7.6 %; Olsen-P: 1.6 mg kg -1 ). The substrate was tindalized for 1 h during three consecutive days (Castillo et al., 2009b) .
The experiment consisted of two stages: (i) a seedlings production stage where pepper plants were germinated and grown, inoculated or not with C. claroideum, in 100 mL containers; and (ii) a seedling transplanting stage, in which seedlings were transplanted to 2 L capacity containers, using the same substrates as in the seedling production stage. The transplanted seedlings were grown, either non-mycorrhizal (C) or mycorrhizal (Gc), and were also coinoculated with the native phosphate solubilizing saprophytic fungus P. albidum (Pa). Plants grew under greenhouse conditions (16:8 h light/darkness; 25/15ºC day/night). Irrigation was carried out manually, maintaining a constant humidity by daily weighing. Timecourse measurements were performed.
Experiment 2. Inoculation effect on plant development and fruit production in soil mixture
According to the results obtained in Experiment 1, the soil mixture was selected as the target substrate for this and other further studies. Three new phosphate-solubilizing Penicillium fungi, that is, P. frequentans, P. jensenii and P. restrictum, were incorporated as inoculation variables, in addition to the already tested P. albidum. These were inoculated either alone or in co-inoculation with C. claroideum. Plants were grown under the same conditions as in Experiment 1. After 17 weeks of plant growth, the number of leaves was counted and after 28 weeks, plants were harvested. Shoot height and root and shoot weight were measured. Fruits were separately harvested. Fruit number, weight, length were recorded and the P content determined.
Root sub-samples were cleared and stained with trypan blue (Phillips and Hayman, 1970) and assessed for percentage of mycorrhizal root length (Giovanetti and Mosse, 1980) , using a stereoscopic system (Nikon SMZ-2B). The establishment of inoculated Penicillium spp. that remained colonizing the rhizosphere/ mycorrhizosphere of pepper plants was determined at harvest. Appropriate dilution aliquot was spread onto agar-rose Bengal medium and grown at 28°C for 5 days.
Statistical analysis
The data obtained were submitted to the Shapiro-Wilk normality test and then an ANOVA of one factor was carried out using the Duncan a posteriori multiple range means separation test (P < 0.05).
RESULTS

Substrate selection and production of quality seedling
Figure 1 summarizes data from the measurements of some morphological traits of chili pepper plantlets at the end of the seedling production stage. Inoculation with the native AM fungus C. claroideum improved significantly both height and weight of pepper seedlings growing in the three tested substrates (volcanic scoria, a soil mixture, and perlite). The soil mixture appears as the more favorable substrate for plant growth. These effects were further corroborated by transplanting the produced seedlings to 1 L containers. The time-course responses (plant height) of chili pepper plantlets growing either nonmycorrhizal or mycorrhizal, and co-inoculated or not with the native phosphate solubilizing saprophytic fungus P. albidum are recorded in Figure 2 . These data showed that inoculation with Penicillium was not effective to improve plant growth. However, the AM fungal inoculation benefited plant development in the soil mixture and in the perlite substrata. According to the data summarized in Figures 1 and 2 , the soil mixture was selected as the target substrate for further studies.
Inoculation effect on plant development and fruit production in soil mixture
As indicated before, in Experiment 2 three new phosphate-solubilizing Penicillium fungi, P. frequentans, P. jensenii and P. restrictum, were incorporated as inoculation variables, in addition to the already tested P. albidum. Data recording the microbial inoculation effects on some plant growth response variables are summarized in Figure 3 (leaf number) and 4 (weight). While AM application was effective to improve the tested growth response variables in most cases, the free-living fungi were not effective. None of the inoculated Penicillium strains benefited the growth improvement produced by AM inoculation. Moreover, P. frequentans, P. jensenii and P. restrictum diminished the growth improvement effect of C. claroideum. Figure 5 records the effects of the inoculation treatments on the production and characteristic of fruits by chili pepper plants. As in the case of the effects on plant growth, the inoculation of AM fungi was beneficial in most instances, but none of the Penicillium strains inoculated in non-AM plants produced any positive effect on fruit number. However, there was a synergistic interaction between C. claroideum and P. albidum to improve fruit weight. This beneficial co-operative effect can be related with an increase in fruit P concentration ( Figure 6 ). It is noteworthy the enhancement of AM colonization level in chili pepper plants by the co-inoculation P. albidum and P. frequentans (Figure 7 ). Inoculated Penicillium established in pepper rhizosphere/mycorrhizosphere at levels ranging from 3.10 x10 5 to 9.90x10 4 , but there were not statistically differences among treatments.
DISCUSSION
The aims of the experiments described in this article were to explore the feasibility of an appropriate management of beneficial soil microbes to reduce the use of chemicals and energy in agricultural production systems concerning a strategic crop for the region: a local cultivar of chilli pepper. The experimental approaches are based on sustainability issues, which try to reach a more economical and sustainable production while minimizing environmental degradation (Jeffries and Barea, 2012) . Such biological interventions are becoming more attractive as the use of chemicals for fumigation and disease control is progressively discouraged and fertilizers have become more and more expensive (Atkinson, 2009) . Sustainable systems seek to maximize the beneficial effects of the natural soil microbiota, in general, however, there is a particular emphasis on AM fungi, phosphate-solubilising microorganisms and N 2 -fixing rhizobial bacteria (Gianinazzi et al., 2010; Azcón and Barea, 2010) .
Given the economic and cultural importance of the local cultivar of chili pepper "Cacho de Cabra", analysing the effect of dual inoculation of AM and saprophytic phosphate-solubilizing fungi on this strategic crop appeared as a tantalising idea. Accordingly, appropriate experiments were designed and carried out to test this hypothesis, as reported in this article. Among the information generated, we have considered that some of the research topics investigated deserve particular discussion: (i) production of AM fungal inoculum; (ii) production of quality seedlings of chilean pepper, as affected by microbial inoculation, and selection of a target substrate, compatible for both test plant and microorganisms; and . Fruit production by chili pepper plants grown for 28 weeks on the soil mixture substrate inoculated with either C. claroideum (Gc), P. albidum (Pa), P. frequentans (Pf), P. jensenii (Pj), P. restrictum (Pr), the corresponding dual coinoculation treatments PaGc, PfGc, PjGc and PrGc or non-inoculated (C).
Columns not sharing a letter in common differ significantly according to the Duncan test (P < 0.05).
(iii) the interactive effects of these microbial inoculants on plant development and fruit production by chilean pepper.
AM fungal inocula production
The unculturability of the AM fungi (obligate symbionts) continues to be a major barrier for inoculums production (Smith and Read, 2008) , however, current agro-biotechnological approaches include the use of AM inoculants, usually relying on plant-based inocula (Gianninazi and Vosátka, 2004; Baar, 2008; IJdo et al., 2011) . Recent developments in AM-inoculum production systems range from nursery plots (Koltai et al., 2008; Cuenca et al., 2008) to in vitro monoxenic root organ cultures (Bago and Cano, 2005; IJdo et al., 2011) . Selection of appropriate AM fungi and substrata is fundamental to produce high quality and effective inocula (Estaún et al., 2002) . The use of locally isolated AM fungi is recommended because they are already adapted to the target soil-plant system and to prevailing conditions at the field site (Pelligrino et al., 2011) . However, their effectiveness for the target host has to be unequivocally demonstrated under realistic conditions (Azcón-Aguilar and Barea, 1997) . . AMF root colonization in chili pepper plants grown for 28 weeks on the soil mixture substrate (S) inoculated with either C. claroideum (Gc), and the corresponding dual coinoculation treatments P. albidum (Pa) Gc, P. frequentans (Pf) Gc, P. jensenii (Pj) Gc, P. restrictum (Pr) Gc. Columns not sharing a letter in common differ significantly according to the Duncan test (P < 0.05).
On the basis of these premises, the native AM fungus was used once its effectiveness for the target crop was tested (Castillo et al. 2009a, b) . Three locally available substrates were evaluated all of them resulted appropriate for inoculum production but that based on a soil mixture gave the higher yield of AM propagules, that is, spores, hyphae, root fragments among others. In spite, the use of soil-less substrates is usually recommended (Azcón-Aguilar and Barea, 1997; IJdo et al., 2011) , at a relatively small-scale, such as nursery production or in many relatively small, low input systems, the use of soil mixtures for AM inoculation is feasible and advantageous (Sieverding and Barea, 1991; Azcón-Aguilar and Barea, 1997; IJdo et al., 2011) . This is the case with the present study where transplanting is a part of the normal production system, as in many horticultural and plantation crops.
Production of quality seedlings, as affected by microbial inoculation, and selection of a substrate compatible for both test plant and microorganisms
Mycorrhizal inoculation appears critical for pepper seedling growth in the tested substrates. It is a selfevident and widely-described AM effect (Jeffries and Barea, 2012 ) that does not need further discussion. Particularly, the effect of AM inoculation in chili pepper has already been described (Castillo et al., 2009a, b) . As in the case with AM inoculum production, the substrate based on the soil mixture seems the most permissive for both AM inoculum and seedling production. This was postulated also for other similar horticultural production systems (Sieverding and Barea, 1991; Azcón-Aguilar and Barea, 1997; IJdo et al., 2011) . Accordingly, the soil mixture was the selected substrate for further experimentation.
Inoculation with the phosphate-solubilizing fungus P. albidum was not effective to improve plant growth whether or not mycorrhizal. Probably, this lack of effectiveness could be due to short growth period since in longer experiments some inoculated saprophytic fungi were effectives. All in all, AM inoculation usually select a large and efficient population of phosphorus solubilizing microorganisms including fungi (Toro et al., 1997; Matias et al., 2009) , but this was not tested in the present experiments.
The interactive effects of these microbial inoculants on plant development and fruit production by chilean pepper
The most relevant information is that AM application was effective to improve the tested growth response variables (leaf number, plant weight and fruit production) in chilli pepper in most cases. In the absence of AM inoculation, the free-living fungi were not effective to improve plant growth, as in other situation. None of the inoculated Penicillium strains benefited the growth improvement produced by AM inoculation.
However, the inoculation on P acquisition and the production of fruits (weight) by chili pepper plants was effective. These positive effects were described for other phosphate-solubilizing fungi, crops and cultural conditions (Singh and Reddy, 2011; Yadav et al., 2011) . In addition, there was a synergistic interaction between AM fungi and P. albidum to improve fruit weight and P concentration in plant, as found for other phosphate-solubilizing fungi, crops and cultural conditions (Cabello et al., 2005; Huanshi et al., 2011) . It is noteworthy that the enhancement of AM colonization level in chili pepper plants by the co-inoculation P. albidum and P. frequentans, as found in other situations (Huanshi et al., 2011) . Persistence of inoculated phosphate-solubilizing saprophytic microorganisms in chili pepper rhizosphere/mycorrhizosphere (Toro et al., 1997 ) has a relevant agro-biotechnological interest.
Conclusion
The dual inoculation of the autochtonous high-local pepper variety of C. annuum L. with an AM fungi C. claroideum and a native phosphate solubilizing saprophytic fungus P. albidum performed a synergistic interacttion to improve fruit weight and quality. Of the three tested substrates: volcanic scoria, soil:sand mixture and perlite, the soil mixture was the most favorable substrate for chili pepper plant growth. These findings are especially interesting for Mapuchean local farmers which have been cultivating for many decades local ecotypes of chili pepper cv. Cacho de Cabra to make "merken", an exotic condiment that it is consumed locally and exported. As this vegetable requires a nursery stage dual microbial inoculation would allow obtaining nutritional benefits to achieve a better transplanting adaptation especially under organic agriculture.
